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Millimeter-Wave Fresnel-Zone
Plate Lens and Antenna

Hristo D. Hristov, Senior Member, IEEE, and Mathieu H. A. J. Herben, Senior Member, IEEE

Abstract—A new variety of millimeter-wave Fresnel-zone plate
lens with enhanced focusing quality is described. Each full-wave
zone of the lens is divided into four quarter-wave subzones,
which are covered by dielectric rings having equal thickness but
different permittivities. More practical equations are derived for
the radii of the zones, and for the thickness of the lens by taking
into account the angle of incidence of the electromagnetic wave.

A Fresnel-zone plate antenna (FZPA) consisting of a quarter-
wave lens and a scalar feed is developed and analysed theoreti-
cally. Equations for the aperture field and far field are derived
using multiple ray tracing through dielectric plates and vectorial
Kirchhoff diffraction theory, respectively. It is demonstrated that
the proposed transmissive-type FZPA has an aperture efficiency
of more than 50% in the 60 GHz frequency band. This computed
efficiency agree with the measured overall efficiency reported
by other researchers for an X-band quarter-wave reflector-type
FZPA.

1. INTRODUCTION

HE FRESNEL-ZONE plate lens (FZPL) is a focusing

and imaging device invented and studied by Fresnel more
than 150 years ago. For a long time its applications have been
mainly restricted to optical systems. Since the Fresnel zone
principle works at any frequency, the corresponding lens can
also be used to focus millimeter-waves. The simplest (low-
cost) FZPL, consisting of alternate transparent and reflecting
(or absorbing) rings, has rather poor focusing properties and
the aperture efficiency of the corresponding lens antenna is
less than 15%.

To increase the focusing quality of the lens, Wiltse proposed
to replace the opaque zones by phase-reversing dielectric ones,
and thus a half-wave FZPL was introduced [1]-[3]. Based on
this phase-reversing dielectric lens, transmissive-type antennas
have been developed and examined [3]-[5], [9], [10]. For these
antennas an aperture efficiency of about 30% is typical. From
a commercial point of view, however, an efficiency of 50-60%
is desirable for microwave aperture antennas.

In the present paper a new FZPL with enhanced focusing
quality will be described and analysed. Each full-wave Fres-
nel zone is divided into four quarter-wave subzones which
are covered by dielectric rings having equal thickness but
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different, properly chosen permittivities. It appears that this
lens configuration has much better focusing properties and
compared to the grooved FZPL [3] it has the advantage that
its front and back surfaces are flat.

More precise and practical equations are derived for the
radii of the zones, and for the thickness of the lens by taking
into account the angle of incidence of the spherical wave
originating from the feed.

The planar quarter-wave FZPL will be used to design a
transmissive-type dielectric-ring Fresnel-zone plate antenna
(FZPA) with a scalar feed. Equations are derived for the
aperture field and far fields of this antenna using multiple
ray tracing through dielectric plates and vectorial Kirchhoff
diffraction theory, respectively, {6], [9], [10].

The idea behind the multidielectric transmissive-type FZPL
is not a new one [3], but to the authors’ knowledge there
are no publications on this particular lens design and its
electromagnetic analysis. In principle, the working mechanism
is similar to that used in some reflector-type FZPA’s, proposed
and examined recently by Guo and Barton [7], [8], [12]. The
specific quarter-wave FZPL which will be analysed has a
diameter of 150 mm and a focal length of 132 mm. The
lens is illuminated by a scalar feed horn and the complete
antenna operates in a frequency band of 54-68 GHz. Computer
calculations indicate that this FZPA has an aperture efficiency
of about 52% and a directive gain of 36.8 dBi at a frequency of
62.1 GHz. The computed efficiency agree with the measured
overall efficiency reported by Guo and Barton for an X-band
quarter-wave reflector-type FZPA [12].

II. PLANAR LENS DESCRIPTION

In principle, the FZPL does not transform smoothly the
incident spherical wave from the feed into an outgoing plane
wave. The lens is a stepwise phase-transformer and in the
case of the quarter-wave FZPL the maximum phase deviation
in the antenna aperture equals 90°.

Fig. 1 shows a sketch of the proposed quarter-wave FZPL.
Each full-wave Fresnel zone is divided into four quarter-wave
subzones. The central subzone is open and the other three
subzones are covered by dielectric rings with different permit-
tivities. The next full-wave zones have similar arrangements.

To accomplish a quarter-wave stepwise phase-correction
with a planar dielectric lens, the relative permittivities of the
dielectric rings which give the desired phase shifts of A®, =
0°, A®, = 90°, Ad, = 180°, and AP, = 270° (or —90°)
were found to be €,1 = 1, €0 = 625, ¢,53 = 4, and ¢4 =
2.25, respectively. This follows from the computed ‘multiple’
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Fig. 1. Planar quarter-wave Fresnel-zone plate lens as phase transformer.
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Fig. 2. Amplitude (a) and phase (b) of the transmission coefficients for a
dielectric plate with £, = 6.25 as a function of the angle incidence. Solid
line: perpendicular (£ polarization; dashed line; parallel (M) polarization.

transmission coefficients of dielectric plates with the above
mentioned relative permittivities and with the thickness of the
ideal dielectric phase-shifter, i.e., d = Ag/2 for e, = 4 [9, 10].
Here, Ao is the design wavelength in free-space, and ‘multiple’
indicates that the internal reflections within the dielectric plate
are taken into account [9].

Figs. 2, 3, and 4 show that the above mentioned phase shifts
are realized only for normal wave incidence. Furthermore, it
follows from these figures that the magnitude of the transmis-
sion coefficients [Tas | for e, = 4 and e, = 2.25 are very
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Fig. 3. Amplitude (a) and phase (b) of the transmussion coefficients for a
dielectric plate with € = 4.00 as a function of the angle of incidence. Solid
line: perpendicular (E) polarization; dashed line: parallel (M) polarization.

near to 1 for all angles of incidence, while for ¢, = 6.25,
|Tar,e| ~ 0.7, which means that the second subzone transmits
only about 50% of the incident power. This will of course
decrease the focusing quality of the quarter-wave FZPL, and
the aperture efficiency of the corresponding FZPA.

III. PLANAR FRESNEL-ZONE PLATE LENS DESIGN

Fig. 5 shows the ray tracing through a dielectric FZPL
consisting of phase-correcting dielectric rings. At a given di-
electric constant ¢,., design wavelength Ao, and focal distance
F, the basic lens dimensions, being the zone radii b, and lens
thickness d, have to be calculated. In the case of an ideal very
thin planar lens the Fresnel zone radii are obtained from the
following approximate equation

bm = \/2mgAoF + (mgho)? (1)

where m is the zone number and ¢ is the phase-correction
factor (g = 1 for the classical FZPL, g = 0.5 for the half-wave
FZPL, and ¢ = 0.25 for the quarter-wave FZPL).

The real planar lens has a nonzero thickness d, which is
not included in the equation for the zone radii. In the case
of a lens with an open first zone, the phase reference value
of zero degrees is assumed to be the phase at point O”, i.e.,
at the center of the equivalent circular radiating aperture. In
this case, the radius of the open zone can be found from (1)
after replacing F’ by F + d. For the dielectric rings, however,
it is more likely to use (1) without any change. Our analyses
have shown that the following modified equation is a good
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Fig. 4. Amplitude (a) and phase (b) of the transmission coefficients for a
dielectric plate with £, = 2.25 as a function of the angle of incidence. Solid
line: perpendicular (E) polarization; dashed line: parallel (Af) polarization.

compromise for the calculation of the radii of all Fresnel zones

b = \/qu,\o (F n g) + (mTA")Q 2)

The thickness d of the phase-reversing dielectric plate is
usually calculated by the following equation [2], [3]

Ao

which is valid only for normal wave incidence. But normal
incidence never occurs for the dielectric FZPL with an open
first zone, because for that configuration there is oblique wave
incidence for all dielectric rings. Thus, to determine the lens
thickness, one should examine the phase shift of the dielectric
rings for oblique wave incidence.

The phase variation due to the presence of the dielectric
rings, which is called the insertion phase difference between
the refracted ray rQ'Q"r2 and the free space direct ray
rQ'Q"'ry (Fig. 6), can be found approximately as follows

d= 3)

A & ko[(lay/Er +12) — (Al + Ar +11))] )

where kg = 2m/Xg, lo = dfcosepy, vz = 71 + Ar, and
Al = dcos(y) — )/ cos .
Here, the effects of the multiple internal reflections and the
polarization dependence of the transmission are neglected.
Thus, the phase difference A®, can be written as

kod

D, =
A CoS Py

[VEr — cos(yh = 9)]. )
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Fig. 5. Ray tracing through the Fresnel-zone plate lens with dielectric and
transparent zones.
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Fig. 6. Ray tracing through a dielectric plate.

Using Snell’s second (refraction) law cosiy =
Ve —sin? ¢ /VEr, and  after some trigonometric
manipulations, (5) becomes

2 .92
AD, = )‘—d( & —sin” 1) — cosdz). 6)
0

In the general case, A®; == 2mq and the lens thickness d is
found by

qAo
£, —sinZ ) — cosy

d=

(7

For the phase-reversing FZPL (¢ = 0.5) and normal ray
incidence (v = 0°), (7) reduces to (3). It is evident from
(7) that the plate thickness essentially depends on the angle of
incidence of the incoming wave.

In Table I values of the lens thickness d for several angles
of incidence ¥,e,. = 4, ¢ = 0.5, and A = 5 mm (design
frequency = 60 GHz) are given. For the axially symmetric
FZPA, the incidence angle generally does not exceed 45°, i.e.,
Pmax = atan(bmax/F), with b being the radius of the dielec-
tric ring and F the focal length of the lens. On the other hand,
the minimum angle of incidence from which the refraction into
the dielectric rings starts is i, = atan(by /F'). Therefore, in
calculating the lens thickness it is acceptable to choose for the
angle of incidence its average value ¥ay = (Ymin + Ymax)/2-
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TABLE 1
THICKNESS OF PHASE-REVERSING DIELECTRIC
PLATE FOR SEVERAL ANGLES OF INCIDENCE

Angle of incidence W (deg) 0 20 40 60 80
Lens thickness d (mm) 250 | 242§ 2.22] 1.92 | 1.60

IV. QUARTER-WAVE FRESNEL-ZONE PLATE ANTENNA

A. Field Distribution in Lens Aperture

The axially symmetric patterns of scalar feeds are frequently
approximated by the following function

_J2(n+1)cos™yp for 0<¢ <3
Gf(¢’n)—{ 0 for o > 7%

Furthermore, it is often assumed that the scalar feed has
Huygens source polarization properties, so that the vectorial
field at the input plane 7 — I’ (point Q' in Fig. 5) is given by

®)

o e—ikp(¥)
Ey(¢,&n) = Cy wa,n)Tw) er(¥,8) (9
where
Cy =/ (PsZo)/(2m) 10)
and
er(¥,€) = —cos{ - éy +sin - é. (11)

Here P; is the power radiated by the feed, Zo = 1207 is the
free space wave impedance, éf(¢), ) is the polarization unit-
vector and k = 27 /A is the wave number. From geometrical
considerations (Fig. 5) it follows that

F
cosy

py) = (12)
The incident ray p(+) of the locally-plane wave continues
as a refraction ray through a dielectric ring with a relative
permittivity e, and thickness d, and in the point Q" it gives
rise to an electric field Ed(w, &, n). The transmission through
the dielectric ring for the two linear orthogonal polarizations
is characterized by so-called multiple transmission coefficients
Ty (for the parallel polarization) and T (for the perpendicu-
lar polarization). At the output or aperture plane 7 — I1’, the
field intensity can be expressed in the following form

R e~ Ikp(¥)
Ed(d}uf,n) = Cf \/ Gf(wan)WPd(wa E) (13)
where
Py(1h,€) = —Tagcos€ - éy + Tgsiné - & (14)

is a polarization vector, 1/p"(¢) is an equivalent divergence
factor, and €., and é; are the ¢ and £ unit vectors, respectively.
The transmission coefficients Ty and T are given by

1- Ry g

— o (15)
I- R%JW,ESCZZSG

Tar,E = Sq
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where
Sy = e IkVER(Y) (16)
and
S, = eF2kl(Y) sinpsina, (17)

are phase factors, and Rips g equals the reflection coefficient
Riy or Rip, for the M- and E-polarization, respectively, at
the interface plane 11 — I1’. It is known that Rqss and Rig
are given by

ercost) — /e, —sin? ¢

Ripr = (18)
M £y cO8Y + /&, —sin® ¢
—-— — i 2
Rip = costh — /e, —sin“ 9P (19)

cosyY + Ve, — sinZz/;'
After substitution of (15) in (14), ﬁd(w,ﬁ) becomes

Pa(1h,€) = SaPy(1,€) = Sa(~Ths cos - &y + Tpsiné - &)
(20)
where T}, 5 is equal to Ty g/Sq.
Equation (20) together with (13) lead to

e~ IRL()

Ealth,¢m) = Cp[ Gyl m) cosp————Pi(w),£) QD)

where the divergence factor 1/p”(v)) is approximated by
cosp/(F + d) and L(3)) is given by

F erd
+ .

cosy  \fe, — sin? ¢
Thus, (21) gives the vector field distribution over the dielectric-
zone apertures after taking into account the amplitude, phase
and polarization changes due to the multiple transmission
(refraction) process.

Referring to Fig. 5 and (9) it is not difficult to write a similar
expression for the vector field distribution over the open-zone
apertures

. —akLo (%)
Eo(¢.&,n) = Cs /Gy (9. n) COSd}e_FTd_

with

L(y) =

(22)

ep(, &) (23)

Lo(9) = (F + d)/ cos 1. (24)

B. Vectorial Far-Field Equations

For the classical FZPA with alternate opaque and transparent
zones, the vectorial far-field equations have been derived in
detail by means of Kirchhoff’s diffraction theory in [6], and for
the FZPA with phase-reversing dielectric rings these far-field
equations have been modified heuristically in [9] by inclusion
of the multiple transmission coefficients Ts and T in the
field polarization vector.

Following the above publications and [10], a more precise
and detailed far-field analysis for the FZPA with phase-shifting
dielectric rings will be presented here.
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Fig. 7. Geometry of the Fresnel-zone plate antenna with phase-correctmg
dielectric rings.

- Kirchhoff’s diffraction integral for the vectorial far field can
be written as follows

Eu7) = Cinl.0) x [ [ [ Pt 6)
- cos FY’ 1) (= IRL0) gk 7 g 47 25)
where
,k‘e—jkr PfZO
C(T)_] 2rr 2w (26) .

and the normal unit-vector 7 is oriented along the z-axis, i.e.
fi = é,, and é, is the unit vector in the r direction (Fig. 7).

The vector components of 7 X ﬁé(i/},f) in the Cartesian
(x,y,2) coordinate system are

. (T costp — Tg)siné cos €
fox Py, &) = | —Th;cos?Ecostp — Thsin®€ | (27)
. 0

The unit-vector é,(p, §) points to a far-field observation point
and its vector components are given by

sinf cos ¢
sinf sin @
cosd

ér(p,0) = (28)

The vector 7’ defines a point on the input plane I — I’ and
can be written as

Ftanycosé
7' = | Ftansin¢
0

(29)

The vector 7"
IT — II'" and can be expressed as follows

(Fta,rn/; —+ ——d—ﬂ’%) cos&
&p —sin P
7= (Ftany + —2388 ) sin ¢ (30
£n—sin? ¥
0
For the aperture element d A’ the next equation was found [10]
dA" = F erdcosty
cos?y (e, —sin? ¢)3/2
dsinp
. Ftani/)+——-——2 d§ di. (31
\&r — 8in” ¢

" The scalar product in the phase factor efkér-™"

defines a point on the output (aperture) plane
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is given by

dsiny
o7 =sinf| Ft —_— —-§). 32
é s1n( an¢+m>cos(<p £). 32)
Setting _
Mq() = —jhL(3) (33)
. dsin
Ny(8,7) = ksing( F't ——— 34
2(0,) sin ( an¢+m) (34)
eiker 7' _ oiNa(8,9) cos(p—¢) (35)
and
cos F erdcosy
O4(th,n) = Gf(¢>n)F+d Loszw + (&, _gin2 ¢)3/2]
dsin ]
ARt — 36
[ any + g (36)

the Kirchhoff integral formula for the far-field vector Ed(f‘)
can be represented in the following form

Ea(7) = C(r)ec(p,0)z

s

- Og(1h, n)eMa(¥) I Na(®%) COS(so Ody de.

(1%, coszb TE)Sln£COS£
——T’ cos Ecosw T4 sin? ¢

(37

After performing the {-integration in a closed form, the vector
components in the spherical (7,8, ¢) coordinate system of the
far-field F4(7) due to all dielectric zone apertures are given by

Eéd)(rﬁ, ) =—wC(r)cosp
Pmt1
X[ Ot meM O 10 0,0
t (3%)
Efpd)(r,ﬂ, @) = —wC(r)singcos b
‘ o
5y / Oalth, )M« IS (6, 9))dyp
T (39
where
18, 4) = ~(Tyy cosp + Th) Jo[Na(6, )]
+ (Tyg cosyp — T) J2[Na(0, )] (40)
and
IE(0,9) = (Thy cosyp + Tg) Jo[Na(8, %))
+ (Tyy cosyp — Tg)Jo[Na(0,4)].  (41)

The far-field components of the open radiating apertures are
the same as those given in [6], with F replaced by F' + d

Eéo) (r,8,¢) = —wC(r)cosp

P! 41
Z / O, n)e™ D Iy(8,9)dy  (42)
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TABLE 1I
RADIATION CHARACTERISTICS OF THREE FRESNEL-ZONE PLATE ANTENNA TYPES
Fresnel-zone plate Directive | Sidelobe | Aperture
antenna type gain (dBi) | level (dB) | efficiency (%)
() Quarter-wave FPZA 36.6 -30.7 51.7
(II) Half-wave FZPA 34.5 -22.0 30.4
(III) Classical FZPA 30.1 -16.0 11.1
Eé,o) (r,8,9) = —7C(r)sinpcos§

! 41
}: /¢  Ome )M DL (0,4)dp  (43)

where
_ (F + d)tany
O(wa n) - G,f(ld)vn) COS’l/) (44)
F+d
M) = -4k 45
() = —jk— " (45)
N(0,v) = k(F +d)sinftanv (46)
16(6,9) = —(cos ¢y + 1) Jo[N(8,)]
+ (costp — 1)Jo[N(8,9)] 47)
I<P(9, ¢) = (COS’(/" + 1)JO[N(0a ¢)]
+ (cosyp — 1) J2[N (8, 9)]. (48)
In the case of the quarter-wave FZPA
m' =0,4,8,... for subzones with &, = 1.00
m=1,5,9,... for subzones with ¢, = 6.25 49)
m =2,6,10,... for subzones with ¢, = 4.00
m=3,7,11,... for subzones with e, = 2.25
and for the half-wave FZPA
m' =0,2,4,... for subzones with &, = 1.00 (50)
m=1,3,5,... for subzones with &, = 4.00°

Finally, the total scalar far-field components Eg(r, 8, ) and
E(r,6, ) can be found

Eo(r,0,0) = B (r,6,0) + B (r,0,0)  (51)
E,(r,0,0) = EQ(r,0,0) + ED(r,8,0)  (52)

or in a vectorial form, the electric far-field can be written as
follows

E(r707@) = E@(T797(P)’é9 +ELP(T767()0)'é<p (53)

C. Antenna Radiation Properties

In Table II, the main radiation characteristics of the quarter-
wave FZPA design (I) are compared to those of an Fresnel
antenna comprising a lens with phase-reversing dielectric
rings (I), and with those of the classical Fresnel lens (III),
comprising a lens with alternate transparent and opaque zones.
All of them are 150 mm in diameter, 132 mm in focal length,
and have an edge illumination level of —12 dB. The zone rings
were supposed to be made of a dielectric material with tan 6 =
0.0001. Their radii b,,, and a thickness d were calculated using
(2) and (7), respectively.
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From Table II it is concluded that for the same antenna
dimensions and design parameters the quarter-wave FZPA
version with a directive gain of 36.6 dBi and an efficiency
of 51.7% surpasses 2.1 dB in gain and about 1.7 times in
efficiency the half-wave FZPA, and 6.5 dB in gain and about
4.5 times in efficiency the classical FZPA.

The theoretical values for the antenna efficiency agree with
the measured overall antenna efficiencies reported by other
researchers for similar reflector-type FZPA’s, namely 26% for
an half-wave FZPA at 94 GHz [11], and 43% for an X-band
quarter-wave FZPA [12].

Fig. 8 shows the co-polar radiation pattern of the analysed
quarter-wave FZPA computed at a frequency of 62.1 GHz. In
Fig. 9 the polarization axial ratio AR at the ¢ = 45° far-field
plane is given as a function of the observation angle 6. In
the ¢ = 45° plane the far-field has a maximum cross-polar
component, but even in this plane the axial ratio is larger
than 35 dB in the main lobe region, i.e., the depolarization
introduced by the quarter-wave lens consisting of rings with
different permittivities is tolerable for most applications.

The calculated directive gain and antenna efficiency of the
antenna under examination as a function of frequency are
shown in Fig. 10. The 3 dB bandwidth of the antenna gain
due to the frequency-dependent properties of the lens is about
22%.

V. CONCLUSION

A multidielectric planar quarter-wave Fresnel-zone plate
lens for millimeter waves with improved focusing quality was
proposed and designed. More practical equations for the radii
of the Fresnel zones were derived, by taking into account the
thickness of the lens. It was indicated that the thickness of the
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Fig. 10. Directive gain (solid line) and antenna efficiency (dashed line)
versus frequency.

lens depends on the angle of incidence of the wave or1g1nat1ng
from the feed which illuminates the lens.

‘Based on the new lens configuration, a millimeter-wave
Fresnel-zone plate antenna (FZPA) with more than 50% effi-
ciency was described. This antenna was examined theoretically
by means of multiple ray tracing techniques and vectorial
Kirchhoff diffraction theory. :

The computed aperture efficiency values for this
transmissive-type FZPA agree with measured overall
antenna efficiencies reported by other researchers for
similar reflector-type FZPA’s.
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